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(57) ABSTRACT

Provided are a method for forming a transparent electrode and
a semiconductor device where the transparent electrode is
formed by using the method. The method for forming a trans-
parent electrode includes: forming a transparent electrode by
using a transparent material of which resistance state is to be
changed from a high resistance state into a low resistance
state according to an applied electric field; and performing a
forming process of changing the resistance state of the trans-
parent electrode into the low resistance state by applying a
voltage to the transparent electrode, so that the transparent
electrode has conductivity. Accordingly, it is possible to form
the transparent electrode having good ohmic characteristic
with respect to the semiconductor layer formed above or
below the transparent electrode and high transmittance with
respect to the light having a short wavelength in a UV wave-
length range as well as the light in visible wavelength range.
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Fig. 3b
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Fig. 5a
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Fig. 6d

After annealing

After the form of the filaments AIN/p—GaN )
&
&

—=— 10 um
—&— 8 um M
i —A— 8 um

—w— 4 um
-&—-2um

5.0x10°

Current (A)
=

-5.0x10° o

10 05 00 05 10
Applied Voltage (V)




US 9,391,240 B2

Sheet 10 of 20

Jul. 12, 2016

U.S. Patent

(X)ON|DVdS

quu

00" L1

00°6

(WN)ON10YdS
002 005 00€ 00}

00°1- 00°€- 00°G-

(M/S4)=3401S

OUZHX(/SH)=1 - ¢

-~

14z

YFONYLS 1S3

JONVLSIS3Y W10l 40 LO1d—

vV

v

JONVISISIH WI0L m

(an)

[ w}

[an)
o

/

jan)

fant

jan]
N

\A

[ e |

lan]

fan

D
o

V77

D

Do
fan
[an)
LD

fam]

P
<t

vd

<
fan!
D

(<o

Ne9-d/N 1Y

@O
fanl

[am}
N

(&S )IONY1ISISH



U.S. Patent Jul. 12, 2016 Sheet 11 of 20 US 9,391,240 B2
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Fig. 7b
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Fig. 7d
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Fig. 8b
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Fig. 8d
6| |After annealing AIN/p-Si
8.0x10 Before the form of the filaments
L |—=— 10 um
| [ 8 um
— 4.0x10 | |—a— 6 um
<ﬂ | [—v—4um
~— —a&— 2 um
= 0.0 ba s m kbt ottt sttt S e e
) Ty
B ’
=
O-4.0x10° k°
-8.0x10° |
1 M 1 N [

-1.0 . -0.5 0.0 0.5 . 1.0
Applied Voltage (V)



US 9,391,240 B2

Sheet 20 of 20

Jul. 12, 2016

U.S. Patent

(WNYON | 2YdS

fan
[
[an
(e
o
(e
D

(X)N10¥dS 1z- | | | | | |
- - 00/}l _00[6 001/ 00/ 00°c OOfL |O00[L- DO[E- 0O

(W/s4)=3d0Ts 7|46

-H _ 6-6000005
OHe+X ,(M/SH)="d (£)FONYLSISH —

[aw)
[wm]
D
D
D
[uw
D
<D
I

rll'vrl|'_

lam)
[ap]
jan
[
jun)
jan
jas)
Lo

7/ fo

(& )IONYLSIS3Y

JONVLISISIH TW10L 40 101d—
FJONYLSISIH TVI0L m

D
<

o
<2
jan
D
D
D
jan

IS-d/NIY
98 814



US 9,391,240 B2

1

METHOD FOR FORMING TRANSPARENT
ELECTRODE AND SEMICONDUCTOR
DEVICE MANUFACTURED USING SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device,
and more particularly, to a method for forming a transparent
electrode and a semiconductor device manufactured using the
method.

2. Description of the Related Art

Transparent electrodes have been used in various applica-
tion fields such as LEDs, solar cells, medical UV sterilizers,
and fisheries, and the application fields and their demands
have been gradually increased. Particularly, the transparent
electrodes have been actively used in the LED field. The
transparent electrode technique currently applied to the LEDs
is mainly an ITO (Indium Tin Oxide) based technique which
can be applied to a visible wavelength range 0of 400 nm to 800
nm and a UV wavelength range of 365 nm to 400 nm in the
entire UV wavelength range of 10 nm to 400 nm.

Recently, demands for UV LEDs generating light ina UV
wavelength range has been greatly increased. However, a
transparent electrode having high conductivity and high
transmittance in the UV wavelength range has not been devel-
oped, so that it is difficult to commercialize the UV LEDs.

For example, in the case of a UV LED where an ITO
transparent electrode which is currently actively used is
formed, most of light in a UV wavelength range of 10 nm to
320 nm generated in an activation layer is absorbed by an ITO
layer, so that only about 1% of the light can be transmitted
through the ITO layer to be extracted to an external portion.

FIG. 1 is a graph illustrating transmittance in the case
where an ITO transparent electrode is formed on a p-GaN
semiconductor layer in the related art. As illustrated in FIG. 1,
although the transparent electrode has transmittance of 80%
or more with respect to the light in a wavelength range of 350
nm or more, the transmittance is greatly decreased with
respect to the light having a short wavelength in the UV
wavelength range. Particularly, the transmittance is decreased
to 20% or less with respect to the light having a short wave-
length in the UV wavelength range of 280 nm or less.

In order to solve the above problem, in the related art, a
metal electrode pad is directly formed on a semiconductor
layer such as p-AlGaN instead of forming the transparent
electrode on the semiconductor layer. However, the metal and
the semiconductor layer are not in ohmic contact to each other
because of a large difference in work function between the
metal and the semiconductor layer, and current is concen-
trated on a metal electrode pad, but current is not supplied into
the entire activation layer, so that an amount of the light
generated by the activation layer is greatly decreased.

In order to solve the above problem, various researches
have been made, but a transparent electrode having high
conductivity and high transmittance in a UV wavelength
range has not yet been developed. This is because conductiv-
ity and transmittance of a material is basically in trade-off
relationship. Since a material having high transmittance in a
UV wavelength range has a large band gap, the conductivity
thereof is too low to be used as an electrode, and since the
material is not in ohmic contact with a semiconductor mate-
rial, it is impossible to use the above material as an electrode.

As an example of a technique for solving the above prob-
lem, a technique where a transparent electrode is constructed
with a sliver (Ag) thin film is disclosed in Korean Patent
Application No. 10-2007-0097545. However, in the related
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art, in the case where the transparent electrode is formed by
using Ag, it is very difficult to deposit a thin silver layer on a
semiconductor layer so that the thin sliver layer is in ohmic
contact with the semiconductor layer. In addition, although a
thin silver layer is deposited on the semiconductor layer, as
illustrated in the graph of FIG. 4 of the above Patent Docu-
ment, with respect to the light in a wavelength range 420 nm
or less, the transmittance is greatly decreased to 80% or less;
and with respect to the light in a wavelength range 380 nm or
less, the transmittance is decreased to 50% or less. Therefore,
the transmittance in the above-described technique has no
difference from the transmittance ofthe ITO transparent elec-
trode in the related art, and thus, it is difficult to improve the
transmittance in a UV wavelength range up to a practical
level.

SUMMARY OF THE INVENTION

The present invention is to provide a method for forming a
transparent electrode having high transmittance and high
conductivity with respect to light having a short wavelength
in a UV wavelength range as well as in a visible wavelength
range and good ohmic characteristic with respect to a semi-
conductor layer and a semiconductor device manufactured by
using the method.

According to an aspect of the present invention, there is
provided a semiconductor device including: a semiconductor
layer; and a transparent electrode of which one surface is in
contact with the semiconductor layer and of which resistance
state is changed from a high resistance state into a low resis-
tance state according to an applied electric field. Since the
transparent electrode is constructed with a transparent mate-
rial of which transmittance is high and of which resistance
state is to be changed from a high resistance state into a low
resistance state by applying an electric field, it is possible to
obtain a semiconductor device where a transparent electrode
having high transmittance characteristic with respect to light
in a UV wavelength range and ohmic contact characteristic is
formed.

In the above aspect, the semiconductor device may further
include a metal electrode pad which is formed with a metal on
a surface of the transparent electrode opposite to the one
surface of the transparent electrode which is in contact with
the semiconductor layer.

In addition, in the above aspect, conducting filaments may
be formed in the transparent electrode by performing a form-
ing process. When the conducting filaments are formed in the
transparent electrode by performing the forming process, cur-
rent can flow through the conducting filaments, the transpar-
ent electrode has low resistance and good ohmic characteris-
tic.

In addition, in the above aspect, the transparent electrode
may be formed by using a transparent insulating material
having a large band gap, which is to be changed to have
conductivity if a forming process is performed on the material
by applying a threshold voltage or more inherent in the mate-
rial. Before the forming process, since the band gap of the
transparent electrode according to the present invention is
large, the transparent electrode is an insulating material hav-
ing high transmittance and high resistance. By performing the
forming process, the resistance state of the transparent elec-
trode can be changed so that the transparent electrode has
conductivity while maintaining high transmittance.

In addition, in the above aspect, the transparent electrode
may be in ohmic contact with the semiconductor layer. After
the forming process, the transparent electrode according to
the present invention is changed from a high resistance state
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into a low resistance state, so that the transparent electrode is
in ohmic contact with the semiconductor layer.

In addition, in the above aspect, the semiconductor layer
may be doped as an n type or a p type. When the semicon-
ductor layer is doped in such a manner, the current can easily
flow through the semiconductor layer, so that it is possible to
obtain good ohmic characteristic with respect to the transpar-
ent electrode.

In addition, in the above aspect, the transparent electrode
may be constructed with any one of a transparent oxide based
material, a transparent nitride based material, a transparent
polymer based material, and a transparent nano material.

In addition, in the above aspect, the semiconductor device
may further include a CNT (Carbon nanotube) layer or a
graphene layer which is formed on a surface of the transparent
electrode opposite to the one surface of the transparent elec-
trode which is in contact with the semiconductor layer, or the
semiconductor device may further include a CNT layer or a
graphene layer which is formed between the transparent elec-
trode and the semiconductor layer. Since the conducting fila-
ments in the transparent electrode are connected to each other
by forming the CNT layer or the graphene layer on the one
surface of the transparent electrode where the conducting
filaments are formed, it is possible to solve the problem of
current concentration caused by disconnection of some con-
ducting filaments.

According to another aspect of the present invention, there
is provided a method for forming a transparent electrode,
including: (a) forming a transparent electrode by using a
transparent material of which resistance state is to be changed
from a high resistance state into a low resistance state accord-
ing to an applied electric field; and (b) performing a forming
process of changing the resistance state of the transparent
electrode to the low resistance state by applying a voltage to
the transparent electrode.

Since the transparent electrode is constructed with a trans-
parent material of which transmittance is high and of which
resistance state is to be changed from a high resistance state
into a low resistance state by applying an electric field, it is
possible to obtain a semiconductor device where a transparent
electrode having high transmittance characteristic with
respect to light in a UV wavelength range and ohmic contact
characteristic is formed.

In addition, in the above aspect, the transparent electrode
may be formed on a semiconductor layer, or the method may
further include forming the semiconductor layer on the trans-
parent electrode which the forming process is performed on.
Accordingly, the present invention can be adapted to a semi-
conductor device such as an OLED or a solar cell where a
semiconductor layer is formed on a transparent electrode as
well as a semiconductor device such as a typical LED where
a transparent electrode is formed on a semiconductor layer.

In addition, in the above aspect, the transparent electrode
may be formed ona CNT layer or a graphene layer formed on
a semiconductor layer, or the method may further include
forming a CNT layer or a graphene layer on the transparent
electrode which the forming process is performed on

In addition, in the above aspect, the transparent electrode
may be formed on a CNT layer or a graphene layer, or the
method may further include forming a CNT layer or a
graphene layer on the transparent electrode on which the
forming process is performed and forming a semiconductor
layer on the CNT layer or the graphene layer.

Since the conducting filaments in the transparent electrode
are connected to each other by forming the CNT layer or the
graphene layer on the one surface of the transparent electrode
where the conducting filaments are formed, it is possible to
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solve the problem of current concentration caused by discon-
nection of some conducting filaments.

In addition, in the above aspect, the method may further
include (c¢) forming a metal electrode pad on the transparent
electrode.

In addition, in the above aspect, in the (b) performing ofthe
forming process, conducting filaments may be formed in an
insulating material of the transparent electrode which the
forming process is performed on. When the conducting fila-
ments are formed in the transparent electrode by performing
the forming process, current can flow through the conducting
filaments, the transparent electrode has low resistance and
good ohmic characteristic

In addition, in the above aspect, the transparent electrode
may be formed by using a transparent insulating material
having a large band gap, which is to be changed to have
conductivity if a forming process is performed on the material
by applying a threshold voltage or more inherent in the mate-
rial. Before the forming process, since the band gap of the
transparent electrode according to the present invention is
large, the transparent electrode is an insulating material hav-
ing high transmittance and high resistance. By performing the
forming process, the resistance state of the transparent elec-
trode can be changed so that the transparent electrode has
conductivity while maintaining high transmittance.

In addition, in the above aspect, the transparent electrode
may be formed so as to be in ohmic contact with a semicon-
ductor layer. After the forming process, the transparent elec-
trode according to the present invention is changed from a
high resistance state into a low resistance state, so that the
transparent electrode is in ohmic contact with the semicon-
ductor layer.

In addition, in the above aspect, the semiconductor layer
may be doped as an n type or a p type. When the semicon-
ductor layer is doped in such a manner, the current can easily
flow through the semiconductor layer, so that it is possible to
obtain good ohmic characteristic with respect to the transpar-
ent electrode.

In addition, in the above aspect, in the (b) performing ofthe
forming process, a metal electrode may be formed on the
transparent electrode, and the forming process may be per-
formed by applying a threshold voltage or more inherent in a
material of the transparent electrode to the metal electrode.

In addition, in the above aspect, the (b) performing of the
forming process may include: (b1) forming photoresist on the
transparent electrode; (b2) forming a pattern corresponding
to a pair of electrodes on the photoresist; (b3) forming a pair
of the electrodes by using the photoresist pattern; and (b4)
removing the photoresist pattern and performing the forming
process by applying a threshold voltage or more inherent in a
material of the transparent electrode to a pair of the elec-
trodes.

In addition, in the above aspect, the transparent electrode
may be constructed with any one of a transparent oxide based
material, a transparent nitride based material, a transparent
polymer based material, and a transparent nano material.

According to the present invention, a transparent electrode
is formed by using a transparent material of which resistance
state is to be changed from a high resistance state into a low
resistance state according to an applied electric field, and a
forming process of changing the resistance state of the trans-
parent electrode to the low resistance state is performed by
applying a voltage to the transparent electrode, so that the
transparent electrode has conductivity. Accordingly, it is pos-
sible to form the transparent electrode having good ohmic
characteristic with respect to the semiconductor layer formed
above or below the transparent electrode and high transmit-
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tance with respect to the light having a short wavelength in a
UV wavelength range as well as the light in a visible wave-
length range.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages of the present
invention will become more apparent by describing in detail
exemplary embodiments thereof with reference to the
attached drawings in which:

FIG. 1 is a graph illustrating transmittance in the case
where an ITO transparent electrode is formed on a p-GaN
semiconductor layer in the related art;

FIG. 2 is a diagram illustrating a structure of a semicon-
ductor device including transparent electrodes according to
an embodiment of the present invention;

FIGS. 3a to 3¢ are diagrams illustrating characteristics of a
resistance change material;

FIG. 4 is a diagram illustrating a method for forming a
transparent electrode according to an embodiment of the
present invention;

FIGS. 5a and 5b are diagrams illustrating a configuration
of'a semiconductor device according to another embodiment
of'the present invention for solving the problem of problem of
current concentration;

FIGS. 6a to 6e are graphs illustrating a transmittance char-
acteristic, an ohmic characteristic before the forming process,
a contact resistance characteristic before the forming process,
an ohmic characteristic after the forming process, and a con-
tact resistance characteristic after the forming process in the
case where a transparent electrode is formed on a p-GaN
semiconductor layer by using an AIN material;

FIG. 7a to FIG. 7e are graphs illustrating a transmittance
characteristic, an ohmic characteristic before the forming
process, a contact resistance characteristic before the forming
process, an ohmic characteristic after the forming process,
and a contact resistance characteristic after the forming pro-
cess in the case where a transparent electrode is formed on a
p-GaN semiconductor layer by using a Ga,O, material; and

FIGS. 8a to 8e are graphs illustrating a transmittance char-
acteristic, an ohmic characteristic before the forming process,
a contact resistance characteristic before the forming process,
an ohmic characteristic after the forming process, and a con-
tact resistance characteristic after the forming process in the
case where a transparent electrode is formed on a p-Si semi-
conductor layer by using an AIN material.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, exemplary embodiments of the present inven-
tion will be described with reference to the attached drawings.

It should be noted that the present invention is applied to all
the transparent electrodes (including transparent electrodes
for OLEDs, transparent electrodes for solar cells, transparent
electrodes for LEDs, and the like) which are in contact with a
semiconductor layer, and the below-described embodiments
are provided to explain the present invention.

FIG. 2 is a diagram illustrating a structure of a semicon-
ductor device including transparent electrodes according to
an embodiment of the present invention. Referring to FIG. 2,
in a semiconductor device including transparent electrodes
according to the embodiment of the present invention, a trans-
parent electrode 20 is formed on a semiconductor layer 10 so
that the semiconductor layer 10 and the transparent electrode
20 are in contact with each other, and a metal electrode pad 30
is formed on the transparent electrode 20.
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It should be noted that the semiconductor layer 10 includes
an inorganic semiconductor layer, an organic semiconductor
layer, and any other materials where electric charges can
move. The inorganic semiconductor layer includes a single-
element semiconductor constructed with single elements
such as Si or Ge. In addition, the inorganic semiconductor
layer includes a compound semiconductor layer such as a
nitride based compound semiconductor layer (GaN, AlGaN,
InN, InGaN, AIN, or the like) and an oxide based compound
semiconductor layer (GaO, ZnO, CoO, IrO,, Rh,0;, Al,O;,
SnO, or the like).

The inorganic semiconductor layer includes a semiconduc-
tor layer including materials constituting electron (hole)
injection layers and electron (hole) transport layers of an
OLED (Organic light Emitting Diode).

In order to improve a conductivity of the semiconductor
layer 10, it is preferable that the surface of the semiconductor
layer 10 which is in contact with the transparent electrode 20
is doped with p-type or n-type materials.

The transparent electrode according to the present inven-
tion is constructed with a transparent material (resistance
change material) of which resistance state is to be changed
according to an applied electric field. The resistance change
material is mainly used in the field of ReRAM (resistive
RAM). If a threshold voltage or more inherent in the material
is applied to the material, electro-forming is performed, the
resistance state of the resistance change material which is
originally an insulating material is changed from a high resis-
tance state into a low resistance state, so that the material has
a conductivity.

FIGS. 3a to 3¢ are diagrams illustrating characteristics of
the resistance change material. Referring to FIG. 3a, if a
threshold voltage or more is applied to the resistance change
material which is an insulating material, electrode metal
materials are inserted into a thin film due to electric stress
(forming process), or conducting filaments 22 (or, metallic
filaments) are formed in the resistance change material due to
a defective structure in a thin film as illustrated in FIG. 3a.
After that, although the voltage applied to the material is
removed, the conducting filaments 22 remain, and current can
flow through the conducting filaments 22, so that the low
resistance state of the material is maintained.

Referring to FIG. 35, it can be seen that the resistance
change material (AIN) has an insulating characteristic before
the forming process and has an I-V characteristic of a metal
after the forming process. In addition, the conducting fila-
ments formed in the transparent electrode can be formed
(SET) or removed (RESET) by using the Joule heating effect
as illustrated in FIG. 34.

FIG. 3¢ is a graph illustrating how long the resistance state
can be stably maintained after the conducting filaments are
formed. It can be seen from a dotted line in the graph that the
low resistance state can be stably maintained for ten years
after the conducting filaments are formed.

In the embodiment of the present invention, a transparent
conductive oxide based material (SiO,, Ga,0;, Al,O;, ZnO,
ITO, or the like), a transparent conductive nitride based mate-
rial (Si;N,, AIN, GaN, InN, or the like), a transparent con-
ductive polymer based material (polyaniline (PANI), poly
(ethylenedioxythiophene)-polystyrene sulfonate (PEDOT:
PSS) or the like), a transparent conductive nano material
(CNT, CNT-oxide, Graphene, Graphene-oxide, or the like),
or the like may be used as the resistance change material. In
addition to the above-described materials, any material which
is transparent and has the above-described resistance change
characteristic can be used to form the transparent electrode
according to the present invention. It should be noted that the
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statement that the material has a conductivity denotes that the
material is allowed to have a conductivity as a result of the
forming process.

FIG. 4 is a diagram illustrating a method for forming a
transparent electrode according to an embodiment of the
present invention.

A method for forming a transparent electrode according to
the embodiment of the present invention will be described
with reference to FIG. 4. First, the transparent electrode 20 is
formed on the above-described semiconductor layer 10 ((b)
of FIG. 4). The transparent electrode 20 may be formed by
vapor-depositing the above-described resistance change
material on the semiconductor layer 10.

Next, a photoresist layer (PR) 40 is formed on the trans-
parent electrode 20 ((c) of FIG. 4). A position where an
electrode 32 for performing the forming process is to be
formed is exposed by using a mask 50 and developed, so that
a forming electrode pattern is formed on the photoresist layer
((d) of FIG. 4).

Next, the inner portion of the forming electrode pattern is
filed with a metal by vapor-depositing the metal on the pho-
toresist layer 40 where the forming electrode pattern is
formed ((e) of FIG. 4). The metal layer and the photoresist
layer on the photoresist layer 40 are removed by performing
a lift-off process, so that the electrode 32 for performing the
forming process is completed ((f) of FIG. 4).

Next, as illustrated in (g) of FIG. 4, if a threshold voltage or
more inherent in the material is applied to the electrode 32
formed on the transparent electrode, the conducting filaments
22 are formed in the transparent electrode 20 which is an
insulating material, so that the resistance state of the trans-
parent electrode 20 is changed from a high resistance state
into a low resistance state.

After the conducting filaments 22 is formed in the trans-
parent electrode 20, a metal electrode pad 30 is formed on the
transparent electrode 20 ((h) of FIG. 4)). As a method of
forming the metal electrode pad 30, the electrode 32 for
performing the forming process may be removed, and a sepa-
rate metal electrode pad may be formed. As another method,
as illustrated in (h) of FIG. 4, a metal is additionally vapor-
deposited on the forming electrode 32 by using the mask 52,
so that the metal electrode pad 30 may be formed.

Hereinbefore, the method for forming a transparent elec-
trode according to the embodiment of the present invention
and the semiconductor device where the transparent electrode
is formed by using the method are described.

It should be understood by the ordinarily skilled in the art
that, as described above, the transparent electrode according
to the present invention can be adapted to any transparent
electrode which is in contact with a semiconductor layer, and
various modifications can be available according to a semi-
conductor device to which the transparent electrode accord-
ing to the present invention is applied.

For example, although the transparent electrode is formed
on the semiconductor layer in the above-described example,
in the case of an OLED, the transparent electrode may be
formed on a glass substrate, and after conducting filaments
are formed on the transparent electrode by performing the
forming process, a semiconductor layer may be formed on the
transparent electrode.

In the embodiment described above with reference to
FIGS. 2 and 4, some conducting filaments 22 formed in the
transparent electrode 20 may not be connected to other con-
ducting filaments 22. In this case, current flowing into the
transparent electrode 20 may not spread over the entire trans-
parent electrode 20 but be concentrated to be localized, so that
a problem of current concentration that current is concen-
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trated to be localized on the semiconductor layer 10 which is
in contact with the transparent electrode 20 may occur.

FIGS. 54 and 5b are diagrams illustrating a configuration
of'a semiconductor device according to another embodiment
of the present invention for solving the problem of current
concentration.

In the examples illustrated in FIGS. 5a and 55, in order to
improve the current spreading characteristic of the transpar-
ent electrode 20, a CNT (carbon nano tube) layer or a
graphene layer 60 which connects the conducting filaments
22 formed on the transparent electrode 20 is formed on one
surface of the transparent electrode 20. FIG. 5a illustrates an
example where the CNT layer or the graphene layer 60 is
formed on the surface of the transparent electrode 20 opposite
to the surface where the transparent electrode 20 is in contact
with the semiconductor layer 10. FIG. 55 illustrates an
example where the CNT layer or the graphene layer 60 is
formed between the transparent electrode 20 and the semi-
conductor layer 10.

The CNT and graphene have good conductivity and trans-
mittance characteristics. In the present invention, the con-
ducting filaments 22 in the transparent electrode 20 are con-
nected to each other by forming the CNT layer or the
graphene layer 60 on one surface of the transparent electrode
20 by using the characteristics, so that the current flowing into
the transparent electrode 20 can be allowed to spread over the
entire semiconductor layer 10.

At this time, as the thickness of the CNT layer or the
graphene layer 60 is increased, the CNTs or graphenes in the
CNT layer or the graphene layer 60 are connected to each
other, and thus, the possibility that the conducting filaments
22 are connected to each other is increased. As a result, the
conductivity of the transparent electrode 20 is increased, but
the transmittance thereof is decreased. Therefore, it is pref-
erable that the CNT layer or the graphene layer 60 according
to the present invention is formed with a thickness enough to
connect the conducting filaments 22 in the transparent elec-
trode 20 to each other and as thin as possible within a range
where the transmittance is not deteriorated.

In another embodiment according to the present invention
illustrated in FIGS. 5a and 55, the CNT layer or the graphene
layer 60 is formed with a thickness of about 2 nm to about 100
nm. The thickness of 2 nm is a minimum thickness so that a
single layer of CNT or graphene can be formed, and the
thickness of 100 nm is a maximum thickness so that trans-
mittance can be maintained to be 80% or more.

The configurations of the examples illustrated in FIGS. 5a
and 56 are the same as those of the example described with
reference to FIGS. 2 and 4, except that the CNT layer or the
graphene layer 60 is formed just before or after the transpar-
ent electrode 20 is formed, and thus, the detailed description
thereof is omitted.

In addition, in the examples illustrated in FIGS. 5a and 54,
the transparent electrode 20 is formed on the semiconductor
layer 10. However, after the transparent electrode is formed,
the semiconductor layer may be formed on the transparent
electrode. In this case, the CNT layer or the graphene layer
may be formed between the transparent electrode and the
semiconductor layer. Otherwise, the CNT layer or the
graphene layer may be formed on the surface of the transpar-
ent electrode opposite to the surface of the transparent elec-
trode which is in contact with the semiconductor layer.

Hereinafter, the transmittance characteristics and ohmic
characteristics of the transparent electrodes according to the
embodiment of the present invention will be described with
reference to FIGS. 6a to 8e.
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FIGS. 6a to 6e illustrate a transmittance characteristic, an
ohmic characteristic before the forming process, a contact
resistance characteristic before the forming process, an
ohmic characteristic after the forming process, and a contact
resistance characteristic after the forming process in an
example where the transparent electrode is formed on a
p-GaN semiconductor layer by using an AIN material.

In the example illustrated in FIGS. 64 to 6e, a transparent
electrode thin film (thickness: 80 nm) is formed on a p-GaN
semiconductor layer, which is widely used for an LED, by
using an AIN material having a large band gap of 6.1 eV.

Referring to the graph illustrated in FIG. 6a, in the
example, the transmittance to the light in a wavelength range
of 170 nm to 800 nm is measured. The transmittance mea-
sured for only the quartzis indicated by a reference line (aline
of squares); the transmittance measured after forming of the
AIN transparent electrode on the p-GaN semiconductor layer
is indicated by a line of circles; and the transmittance mea-
sured after the thermal treatment at 650° C. after forming of
the AIN transparent electrode on the p-GaN semiconductor
layer is indicated by a line of triangles.

It can be understood from the illustrated graphs that the
transparent electrode according to the present invention has
transmittance of 80% or more with respect to the lightina UV
wavelength range of 256 nm or more. It can be understood
that the transmittance is greatly improved in comparison to
the transmittance of 20% of the ITO transparent electrode in
the related art illustrated in FIG. 1.

FIGS. 65 to 6¢ illustrate ohmic characteristics (FIGS. 65
and 64) and contact resistance characteristics (FIGS. 6¢ and.
6¢) measured by using a TLM (transfer length method) pat-
tern in the cases where a distance between measurement
electrodes is 2 um, 4 um, 6 um, 8 um, and 10 pm.

Referring to FIG. 64, it can be understood that, in the case
where the distance between measurement electrodes is 2 um,
before the forming process, when the voltage applied to the
transparent electrode is in a range of 0 V to 1.0V, the current
flowing into the transparent electrode is about 0 A to 6.0x10~°
A, so that the current does not almost flow; and the ohmic
characteristic is not good so that the current is not propor-
tional to the voltage. In addition, referring to FIG. 6¢, it can be
understood that the ohmic contact resistance characteristic
does not have linearity.

On the contrary, referring to FIG. 64, it can be understood
that, in the case where the distance between measurement
electrodes is 2 um, after the forming process, when the volt-
age applied to the transparent electrode is in a range of OV to
1.0 V, the current flowing into the transparent electrode is
about 0 A to 5.0x107> A, which is 10° times the current
flowing before the forming process, and the ohmic character-
istic is good so that the current is proportional to the voltage.
In addition, referring to FIG. 6e, it can be understood that the
ohmic contact resistance characteristic has linearity, and thus,
the ohmic contact resistance characteristic is relatively
improved in comparison to the ohmic contact resistance char-
acteristic before the forming process.

The characteristics of the AIN transparent electrode
formed on the p-GaN semiconductor layer in the example
illustrated in FIGS. 6a to 6e are summarized as follows. The
AIN transparent electrode has transmittance of 80% or more
with respect to the light in a UV wavelength range of 257 nm
or more. In addition, as a result of the measurement of the
contact resistance by using the TLM pattern, the contact
resistance before the forming process is 24.113 Qcm™2, and
the contact resistance after the forming process is 1.33x10~*
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Qcm2. Therefore, the conductivity of the transparent elec-
trode is greatly improved, and the ohmic characteristic
thereof is good.

FIGS. 7a to 7e illustrate a transmittance characteristic, an
ohmic characteristic before the forming process, a contact
resistance characteristic before the forming process, an
ohmic characteristic after the forming process, and a contact
resistance characteristic after the forming process in an
example where the transparent electrode is formed on a
p-GaN semiconductor layer by using a Ga,O, material.

In the example illustrated in FIGS. 7a to 7e, a transparent
electrode thin film (thickness: 80 nm) is formed on a p-GaN
semiconductor layer, which is widely used for an LED, by
using a Ga,O, material.

Referring to the graph illustrated in FIG. 7a, in the
example, it can be understood that the Ga,O; transparent
electrode has transmittance of 80% or more with respect to
the light in a UV wavelength range of 264 nm or more. It can
be understood that the transmittance of the transparent elec-
trode of the example is also greatly improved in comparison
to the transmittance of 20% of the ITO transparent electrode
in the related art illustrated in FIG. 1.

FIGS. 75 to 7e illustrate ohmic characteristics (FIGS. 75
and 7d) and contact resistance characteristics (FIGS. 7¢ and
7e) measured by using a TLM pattern in the case where a
distance between measurement electrodes is 2 um, 4 um, 6
pm, 8 um, and 10 pm.

Referring to FIG. 74, it can be understood that, in the case
where the distance between measurement electrodes is 2 um,
before the forming process, the current flowing into the trans-
parent electrode is about 1.0x107' A irrespective of the
applied voltage, so that the transparent electrode does not
have ohmic characteristic. In addition, referring to FIG. 7¢, it
can be understood that the ohmic contact resistance charac-
teristic does not have linearity.

On the contrary, referring to FIG. 7d, it can be understood
that, in the case where the distance between measurement
electrodes is 2 um, after the forming process, when the volt-
age applied to the transparent electrode is in a range of OV to
1.0 V, the current flowing into the transparent electrode is
about 0 A to 2.0x1072 A, which is 10° times the current
flowing before the forming process. Accordingly, it can be
understood that the ohmic characteristic is good so that the
current is proportional to the voltage. In addition, referring to
FIG. 7e, it can be understood that the chmic contact resistance
characteristic has linearity, and thus, the ohmic contact resis-
tance characteristic is relatively improved in comparison to
the ohmic contact resistance characteristic before the forming
process.

The characteristics of the Ga,O; transparent electrode
formed on the p-GaN semiconductor layer in the example
illustrated in FIGS. 7a to 7e are summarized as follows. The
Ga,O; transparent electrode has transmittance of 80% or
more with respect to the light in a UV wavelength range of
264 nm or more. In addition, as a result of the measurement of
the contact resistance by using the TLM pattern, the contact
resistance before the forming process is 51,680 Qcm™2, and
the contact resistance after the forming process is 2.64x107>
Qcm2. Therefore, the conductivity of the transparent elec-
trode is greatly improved, and the ohmic characteristic
thereof is good.

FIGS. 8a to 8e illustrate a transmittance characteristic, an
ohmic characteristic before the forming process, a contact
resistance characteristic before the forming process, an
ohmic characteristic after the forming process, and a contact
resistance characteristic after the forming process in an
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example where the transparent electrode is formed on a p-Si
semiconductor layer by using an AIN material.

In the example illustrated in FIGS. 8a and 84, a transparent
electrode thin film (thickness: 80 nm) is formed on a p-Si
semiconductor layer by using an AIN material.

Referring to the graph illustrated in FIG. 8a, it can be
understood that the AIN transparent electrode according to
the present invention has transmittance of 80% or more with
respect to the light in a UV wavelength range of 257 nm or
more. It can be understood that the transmittance of the trans-
parent electrode of the example is also greatly improved in
comparison to the transmittance of 20% of the ITO transpar-
ent electrode in the related art illustrated in FIG. 1.

FIG. 856 to FIG. 8e illustrate contact resistance character-
istics (FIGS. 8¢ and. 8¢) measured by using a TLM pattern in
the case where a distance between measurement electrodes is
2 um, 4 um, 6 um, 8 um, and 10 pm.

Referring to FIG. 85, it can be understood that, in the case
where the distance between measurement electrodes is 2 um,
before the forming process, the current flowing into the trans-
parent electrode is about 0 A to about 0.5x107° A irrespective
of the applied voltage, so that the transparent electrode does
nothave ohmic characteristic. In addition, referring to FIG. 8,
it can be understood that the ohmic contact resistance char-
acteristic does not have linearity.

On the contrary, referring to FIG. 84, it can be understood
that, in the case where the distance between measurement
electrodes is 2 um, after the forming process, when the volt-
age applied to the transparent electrode is in a range of OV to
1.0 V, the current flowing into the transparent electrode is
about 0 A to about 8.0x107% A, which is 10® times the current
flowing before the forming process. Accordingly, it can be
understood that, although the current is not directly propor-
tional to the voltage, the ohmic characteristic is better than
that before the forming process. In addition, referring to FIG.
8¢, it can be understood that the ohmic contact resistance
characteristic has linearity, and thus, the ohmic contact resis-
tance characteristic is relatively improved in comparison to
the ohmic contact resistance characteristic before the forming
process.

The characteristics of the AIN transparent electrode
formed on the p-Si semiconductor layer in the example illus-
trated in FIGS. 8a to 8¢ are summarized as follows. The AIN
transparent electrode has transmittance of 80% or more with
respect to the light in a UV wavelength range of 257 nm or
more. In addition, as a result of the measurement of the
contact resistance by using the TLM pattern, the contact
resistance before the forming process is 20,816 Qcm™2, and
the contact resistance after the forming process is 9.21x10~*
Qcm~2. Therefore, the conductivity of the transparent elec-
trode is greatly improved, and the ohmic characteristic
thereof is good.

As described above with reference to FIGS. 6a to 8¢, the
transmittance characteristic and the ohmic characteristic of
the transparent electrode according to the embodiments of the
present invention are greatly improved in comparison to those
of the transparent electrode in the related art.

The following Table 1 lists transmittance characteristics
and contact resistance characteristics of an ITO transparent
electrode and transparent electrodes used in the related art.
The following Table 2 lists transmittance characteristics and
contact resistance characteristics of the transparent electrode
according to the embodiments of the present invention.
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TABLE 1
Material ~TRANSMITTANCE CONTACT RESISTANCE
ITO 80% in a wavelength range of 1.12x 1073 Qem™—2
350 nm or more
Zno average 75% in a wavelength 1.2x 1072 Qcm™2
range of 400 nm to 700 nm
AZO 80% in a wavelength range of 1.10 x 102 Qem 2
350 nm or more
Ga,03 70% in a wavelength range of N/A
285 nm or more
TABLE 2
Material ~TRANSMITTANCE CONTACT RESISTANCE
AIN 80% in a wavelength range of 1.33 x 107* Qem—2
257 nm or more
Ga,03 80% in a wavelength range of  2.64 x 107> Qem™

264 nm or more

As can be understood from Tables 1 and 2, the transmit-
tance characteristic and the contact resistance characteristic
of'the transparent electrode according to the present invention
are greatly improved in comparison to those of the transparent
electrode in the related art.

While the present invention has been particularly shown
and described with reference to exemplary embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the spirit and scope of the invention as
defined by the appended claims. The exemplary embodi-
ments should be considered in descriptive sense only and not
for purposes of limitation. Therefore, the scope of the inven-
tion is defined not by the detailed description of the invention
but by the appended claims, and all differences within the
scope will be construed as being included in the present
invention.

What is claimed is:
1. A semiconductor device comprising:
a semiconductor layer; and
a transparent electrode of which one surface is in contact
with the semiconductor layer and of which resistance
state is changed from a high resistance state into a low
resistance state according to an applied electric field,

wherein conducting filaments are formed in the transparent
electrode by performing a forming process.

2. The semiconductor device according to claim 1, further
comprising a metal electrode pad which is formed with a
metal on a surface of the transparent electrode opposite to the
one surface of the transparent electrode which is in contact
with the semiconductor layer.

3. The semiconductor device according to claim 1, wherein
the transparent electrode is formed by using a transparent
insulating material which is to be changed to have conduc-
tivity if a forming process is performed on the material by
applying a threshold voltage or more inherent in the material.

4. The semiconductor device according to claim 1, wherein
the transparent electrode is in ohmic contact with the semi-
conductor layer.

5. The semiconductor device according to claim 1, wherein
the semiconductor layer is doped as an n type or a p type.

6. The semiconductor device according to claim 1, wherein
the transparent electrode is constructed with any one of a
transparent oxide based material, a transparent nitride based
material, a transparent polymer based material, and a trans-
parent nano material.
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7. The semiconductor device according to claim 1, further
comprising a CNT layer or a graphene layer which is formed
on a surface of the transparent electrode opposite to the one
surface of the transparent electrode which is in contact with
the semiconductor layer.

8. The semiconductor device according to claim 1, further
comprising a CNT layer or a graphene layer which is formed
between the transparent electrode and the semiconductor
layer.

9. A method for forming a transparent electrode, compris-
ing:

(a) forming a transparent electrode by using a transparent

material of which resistance state is to be changed from
a high resistance state into a low resistance state accord-
ing to an applied electric field; and

(b) performing a forming process of changing the resis-

tance state of the transparent electrode to the low resis-
tance state by applying a voltage to the transparent elec-
trode,

wherein, in the (b) performing of the forming process,

conducting filaments are formed in an insulating mate-
rial of the transparent electrode which the forming pro-
cess is performed on.

10. The method according to claim 9, wherein, in the (a)
forming of the transparent electrode, the transparent elec-
trode is formed on a semiconductor layer.

11. The method according to claim 10, further comprising
(c) forming a CNT layer or a graphene layer on the transpar-
ent electrode which the forming process is performed on.

12. The method according to claim 9, wherein, in the (a)
forming of the transparent electrode, the transparent elec-
trode is formed on a CNT layer or a graphene layer which is
formed on a semiconductor layer.

13. The method according to claim 9, further comprising
(d) forming a semiconductor layer on the transparent elec-
trode which the forming process is performed on.

14. The method according to claim 9, further comprising
(e) forming a CNT layer or a graphene layer on the transpar-
ent electrode on which the forming process is performed and
forming a semiconductor layer on the CNT layer or the
graphene layer.
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15. The method according to claim 9, wherein, in the (a)
forming of the transparent electrode, the transparent elec-
trode is formed on a CNT layer or a graphene layer.

16. The method according to claim 9, further comprising
(f) forming a metal electrode pad on the transparent electrode.

17. The method according to claim 9, wherein the trans-
parent electrode is formed by using a transparent insulating
material which is to be changed to have conductivity if a
forming process is performed on the material by applying a
threshold voltage or more inherent in the material.

18. The method according to claim 9, wherein the trans-
parent electrode is formed so as to be in ohmic contact with a
semiconductor layer.

19. The method according to claim 18, wherein the semi-
conductor layer is doped as an n type or a p type.

20. The method according to claim 9, wherein, in the (b)
performing of the forming process, a metal electrode is
formed on the transparent electrode, and the forming process
is performed by applying a threshold voltage or more inherent
in a material of the transparent electrode to the metal elec-
trode.

21. The method according to claim 9, wherein the (b)
performing of the forming process comprises:

(b1) forming photoresist on the transparent electrode;

(b2) forming a pattern corresponding to a pair of electrodes
on the photoresist;

(b3) forming a pair of the electrodes by using the photore-
sist pattern; and

(b4) removing the photoresist pattern and performing the
forming process by applying a threshold voltage or more
inherent in a material of the transparent electrode to a
pair of the electrodes.

22. The method according to claim 9, wherein the trans-
parent electrode is constructed with any one of a transparent
oxide based material, a transparent nitride based material, a
transparent polymer based material, and a transparent nano
material.



